Cocoon-derived semi-domesticated Eri silk fibers still lack exploitation for tissue engineering applications due to their poor solubility using conventional methods. The present work explores the ability to process cocoon fibers of non-mulberry Eri silk (Samia/Philosamia ricini) into sponges through a green approach using ionic liquid (IL) -1-buthyl-imidazolium acetate as a solvent. The formation of b-sheet structures during Eri silk/IL gelation was acquired by exposing the Eri silk/IL gels to a saturated atmosphere composed of two different solvents: (i) isopropanol/ethanol (physical stabilization) and (ii) genipin, a natural crosslinker, dissolved in ethanol (chemical crosslinking). The sponges were then obtained by freeze-drying. This approach promotes the formation of both stable and ordered non-crosslinked Eri silk fibroin matrices. Moreover, genipin-crosslinked silk fibroin sponges presenting high height recovery capacity after compression, high swelling degree and suitable mechanical properties for tissue engineering applications were produced. The incorporation of a model drug -ibuprofen -and the corresponding release study from the loaded sponges demonstrated the potential of using these matrices as effective drug delivery systems. The assessment of the biological performance of ATDC5 chondrocyte-like cells in contact with the developed sponges showed the promotion of cell adhesion and proliferation, as well as extracellular matrix production within 2 weeks of culture. Sponges' intrinsic properties and biological findings open up their potential use for biomedical applications.
Introduction
An increasing number of chronic diseases such as diabetes, cancer and rheumatoid arthritis have shown increasing world-wide incidence, affecting people of all ages and genders. In particular, some rheumatic diseases such as osteoarthritis can lead to cartilage degeneration. Such aging-related diseases has increased the demand for highperforming biomaterials and therapeutic strategies envisaging cartilage regeneration [1, 2] . Natural polymers have shown several advantages for biomedical applications due to their biodegradability, biocompatibility and cell-recognition ability [3, 4] . Silk fibroinbased materials obtained from mulberry silkworm Bombyx mori have been processed in different forms, including 3D scaffolds, nanoparticles, nanofibers and hydrogels [5] [6] [7] [8] . These structures are currently proposed for an extended range of tissue engineering approaches [5] [6] [7] [8] . In previous studies silks from non-mulberry silkworms namely Antheraea mylitta (Tropical Tasar), Antheraea assama (Muga), and Samia/Philosamia ricini (Eri) (belonging to Saturniidae family) [9] have been also indicated as good source of raw materials to produce silk-based biomaterials for biomedical applications. The potential applications on the biomedical field of these silk materials is growing, and they are gaining popularity as a new promising group of biomaterials for tissue engineering applications [9] [10] [11] [12] [13] [14] . Current research on non-mulberry Eri shows the potential of using such fibroin protein for the preparation of different 2D and 3D biomaterial matrices, both for in vitro and in vivo applications in biomedical engineering fields [14] . Eri silk production is cost effective as no agronomic practices are required for their host plant cultivation [14] . Also, Eri silk-based material could be a good alternative natural biomaterial, as compared to silk-based materials prepared using other silk varieties.
Structurally, Eri silk has a primary structure composed of about 100 repeats of alternating polyalanine and glycine domains [15] . Moreover, the proportion of glycine residues is higher in B. mori, which is mainly composed of glycine, alanine and serine residues [15, 16] , while the content of alanine residues is greater in S. ricini [14] . The differences in the biochemical composition of Eri silk and B. mori may lead to changes in physical and mechanical properties of the native and silk fibroin derivatives, which may be useful in the design of novel biomaterials.
The present work addresses the processability of cocoonderived non-mulberry Eri silk fibers into porous matrices. For that purpose, we have used a green approach employing an ionic liquid (IL)-1-buthyl-3-methyl imidazolium acetate (BMIMAc) -as a solvent, to overcome the lack of solubility of Eri cocoon silk fibers. In most of the reports concerning Eri silk, fibroin is isolated from the silk glands of 5th instar larvae. However, the application of Eri cocoons as a fibroin source is still relatively unexplored due to the lack of solubilization protocols using conventional solvents [14, 17] . Earlier works emphasized the use of certain ionic liquids (ILs) in the dissolution and processing of protein-based materials from cocoons [18] [19] [20] [21] . Findings demonstrate that IL can be ideal to overcome the insolubility of fibroin from the cocoon-derived silks. Both mulberry and non-mulberry silk fibers, namely B. mori and A. mylitta, are amenable to be dissolved in ILs, allowing for their processing into films, fibers, scaffolds and sponges [19, 20] . Previously, it was reported that the biomaterials produced using ILs as solvent or reaction media exhibit attractive physical, mechanical properties, and biological behavior targeting tissue regeneration approaches. Different biomedical applications for such systems were suggested, namely for skin and cartilage regeneration [19, 20] . Few reports suggest the use of ILs as a solvent for silks namely, Antheraea assamensis silk (Muga) and A. mylitta silk (Tropical Tasar) [19, 22] . To the best of our knowledge, there is no report on the use of BMIMAc for the dissolution and processing of Eri silk into sponges. We suggest the use of BMIMAc as a solvent [19, 20] to overcome the lack of solubility of cocoon-derived Eri silk fibers. With this strategy we aim at exploring the possible advantages of using silk cocoon-derived Eri fibers as alternative fibroin sources, namely for healthcare applications. With this purpose in mind, we propose the gelation of Eri silk/BMIMAc solution using physical stabilization combined with chemical crosslinking, and the shaping of sponges using the freeze-drying technique. Genipin is a natural crosslinking agent obtained from the fruits of Gardenia jasminoides, showing low cytotoxicity and currently employed to crosslink chitosan, gelatin, silk and other proteins [7, [23] [24] [25] . Genipin-crosslinked silk matrices deriving from B. mori show improvement of the mechanical properties, and good cellular behavior [7, 25] . These features suggest that genipin can play a role as an efficient and biocompatible agent for the crosslinking of silk materials deriving from different sources for biomedical applications. Interestingly, previous studies indicate that genipin crosslinking induces the formation of b-sheet structures on silk fibroin derived from B. mori [6, 7] .
In this work we investigate the ability to tune the physical, mechanical and biological properties of the developed silk fibroin sponges using an IL, BMIMAc, for dissolving non-mulberry Eri silk fibers. ATDC5 chondrocyte-like cells are employed to evaluate adhesion, spreading and extracellular matrix formation of cells related to cartilage tissue onto the developed sponges.
Materials and methods

Materials
Silk cocoons of the non-mulberry silkworm S. ricini (white variety) were collected from IIT Kharagpur, West Bengal, India. The ionic liquid (IL), 1-butyl-3-methyl imidazolium acetate (BMIMAc), obtained from Sigma Aldrich (St. Louise USA) was chosen as solvent and used without further purification. Genipin was purchased from Wako Chemicals (USA). All other chemicals were reagent grade and were used as received.
Methods
Eri silk protein fibroin (EF) isolation
Eri Silk protein fibers were obtained from the silk cocoons of the non-mulberry semi domesticated silkworm S. ricini as previously described [14] . Briefly, cocoons were cut into small pieces and boiled in 1 g/10 ml of 0.02 M Na 2 CO 3 for one hour. Afterward, the material was washed with deionised water several times to remove the sericin and sodium carbonate from the silk fibers. The degummed fibers were then dried at room temperature.
Preparation of the Eri silk/IL solutions, cross-linking reactions and formation of sponges
The Eri silk fibroin sponges were prepared by dissolving the degummed fibers of S. ricini cocoons in BMIMAc at 90-95°C in a concentration of 10% (w/v). The system was kept under stirring for 6 h. After dissolution, the fiber/IL solutions were transferred to specific silicone molds, which were placed over superamphiphobic surfaces prepared as previously described [26, 27] with minor changes. Briefly, the glass slides were held above the flame of a paraffin candle until reaching a homogeneous carbon layer on the glass surface. Then, the glass slides were placed in a desiccator with ammonium aqueous solution (30-33% v/v) and tetraethylorthosilicate (TEOS) (StbÖer reaction) in a ratio of 1:1 for 24 h. On this step, by chemical vapor deposition, a silica layer was formed on the surface of the glass slides. Further, the glass slides were submitted to a thermal treatment at 600°C for 2 h to remove carbon from the surface structure. Finally, the samples were placed into a desiccator with 1H,1H,2H,2H-perfluorodecyltrie thoxysilane (97%) (without immersion) for 3 days to reach the necessary repellence for hydrophilic and hydrophobic solvents [28] . The gelation/structural stabilization of the materials was processed in a saturated atmosphere composed of isopropanol/ethanol vapor (non-solvent) at room temperature (RT) for 2 days. To create cross-linked gels, the isopropanol/ethanol vapor was replaced by a genipin solution. Genipin was dissolved in ethanol at a concentration of 10 mM, and the solution was incubated in a desiccator at RT for 24 h under vacuum. The IL removal was made through immersion of the gels in isopropanol/ethanol for 3 days. The non-solvent was changed periodically and the aliquots were collected for conductivity analysis. The conductivities of the aliquots of isopropanol/ethanol were measured using a conductivimeter (INOLAB, Multi level 3) with a Sonda WTW TetraCon 325. At the end of the process, both non-and crosslinking gels were washed with distilled water. The molded gels were then frozen at À20°C for at least 2 h and at À80°C overnight, followed by freeze-drying for 2 days. Throughout the paper, the non-and cross-linked Eri fibroin silk sponges will be referred as EF and EFG, respectively.
Determination of the crosslinking degree
The crosslinking degree for the samples was determined using the ninhydrin assay [29, 30] . The samples were first lyophilized for 24 h, and then weighed. Subsequently, the lyophilized sample (3 mg) was heated with a ninhydrin solution (2%, w/v) at 100°C for 20 min. After this step, the optical absorbance of the solution was recorded with a spectrophotometer (Bio-Rad SmartSpec TM 3000, CA, USA) at 570 nm. Glycine solutions at various previously known concentrations were used as a standard. After heating the samples in the ninhydrin solution, the number of free amino groups in the test sample is proportional to the optical absorbance of the solution. The triplicate analysis was performed for each sample. The degree of crosslinking of sample was then calculated following the Eq. 
where ''fresh" is the mole fraction of free NH 2 in non-crosslinked samples and ''fixed" is mole fraction of free NH 2 remaining in cross-linked samples.
Drug loading and in vitro drug release studies
Ibuprofen was used as a model drug to investigate the loading and release ability of the sponges. The impregnation of ibuprofen in the samples was performed through overnight immersion of the samples in a 10 mg/ml (w/v) solution of ibuprofen in pure ethanol. Afterward, the impregnated samples were divided into two sets of samples: (i) washing step with ethanol and distilled water, frozen at À80°C for 4 h and freeze-drying for 3 days or (ii) crosslinking through immersion in a solution of 10 mM genipin in pure ethanol, for 48 h. The samples described in (ii) were further washed with ethanol and distilled water, frozen at À80°C for 4 h and freeze-dried for 3 days. Such treatments were performed with the goal of controlling the drug release from the samples. Ibuprofen-loaded sponges were weighed and suspended in 5 ml of phosphate buffered solution (PBS). The samples were immersed in a thermostatic water bath at 37°C with agitation (60 rpm). Aliquots of 1 ml were withdrawn at predetermined time intervals and the same volume of fresh medium was added to the suspension. The samples were analyzed by UV-Vis spectroscopy at 263 nm in a microplate reader (Synergy HT, Bio Tek Instruments, USA). The experiments were performed in triplicate, and the results are presented as the average of three measurements and their respective standard deviation. The concentration of ibuprofen was calculated using a standard curve (concentrations ranging from 0.0 to 72 lg/ ml), relating the amount of released ibuprofen with the intensity of light absorbance.
Physicochemical and in vitro biological characterization
Fourier transform infrared spectroscopy (FTIR)
The infrared spectra were recorded using a Shimadzu-IR Prestige 21 spectrometer in the spectral region of 4000-650 cm À1 with a resolution of 2 cm À1 at 32 scans. The samples were powdered, mixed with KBr, and processed into pellets. Fourier selfdeconvolution (FSD) of the infrared spectra covering the amide I region (1595-1705 cm À1 ) was performed using Origin Software.
To measure the relative areas of the amide I components FSD spectra were curve fitted to Gaussian line shape profiles. The deconvoluted amide I spectra area was normalized and the relative areas of the single bands were used to determine the fraction of the secondary structural elements. The band assignments and the detailed procedure to determine b-sheet crystallinity were described previously by Hu et al. [31] .
Scanning electron microscopy (SEM)
The morphology of the samples, after being coated with a conductive gold layer, was observed using a NanoSEM-FEI Nova 200 with an integrated microanalysis X-ray system (EDS -energy dispersive spectrometer).
Micro-computed tomography (l-CT)
The morphological structure and the calculation of the morphometric parameters that characterize the samples were evaluated by micro-computed tomography (micro-CT). Scanco 20 equipment (Skyscan 1702, Belgium) was used with penetrative X-rays of 58 keV and 130 lA, in high resolution mode with a pixel size of 11 lm. The morphological parameters were determined by the analysis of 2D images of the matrices using CT analyzer software (version 1.5, SkyScan). 2D cross-sections of the structure were visualized using DataViewer software (version 1.4.4 64-bit, SkyScan) and the 3D reconstructions were built using CTVox software (version 2.3.0 r810, SkyScan).
Dynamic mechanical analysis (DMA)
Viscoelastic measurements of the EF and EFG sponges were performed using a TRITEC2000B DMA from Triton Technology (UK) in the compressive mode. To evaluate the recovery ability of both EF and EFG sponges (regarding their viscoelastic behavior) after a high deformation, DMA was performed with the samples immersed in PBS at 37°C. First, both sponges were initially hydrated in PBS for 1 h. Then, they were analyzed for their storage modulus (E 0 ) and damping properties (tan d) before and after being compressed at 360 kPa for 30 s. After the compression step with 360 kPa, the sponges were left to recover in phosphate-buffered saline (PBS) for 5 min. In each step, the changes on the geometry of the samples were measured. The sponges were always analyzed under hydrated conditions through immersion of the samples in a Teflon reservoir containing PBS. They were used during all analysis periods. After equilibration at 37°C, the DMA spectra were obtained from a frequency scan of 0.1-10 Hz. The experiments were performed under constant strain amplitude, corresponding to approximately 1% of the height of the samples. The average value and standard deviation obtained from four tests are reported for each sample.
Recovery testing upon mechanical compression of the Eri silk fibroin (EF) and crosslinked Eri silk fibroin (EFG) scaffolds was performed in two different stages: (i) immediately after their processing by freeze-drying and (ii) after their culture with ATDC5 cells during 21 days.
Swelling
Swelling tests were performed by immersing all sponges in PBS for up to 21 days. All experiments were conducted in triplicate. The weight of the swollen samples was measured after removing excess surface water by gently tapping the surface with filter paper. Water uptake was determined by differences between the swollen state (after equilibration and eventual degradation or partial solubilization of the samples) and dried weight. The weight loss of the sponges after 60 days under the above conditions was also calculated based on the difference between the wet and dry weight of the samples.
Cell seeding and culture on sponges
Before testing, the samples were sterilized in an ethylene oxide atmosphere. In vitro cell tests were performed using a cell suspension of ATDC5 chondrocytes-like cells (mouse 129 teratocarcinoma AT805 derived, ECACC, UK). ATDC5 cells were used at passage 25 in a concentration of 3. ). Triplicates were made for each sample. The cells-sponge constructs were incubated at 37°C in a humidified 95% air-5% CO 2 atmosphere and maintained for 1, 7, 14 and 21 days. Cells were cultured in Dulbecco's Modified Eagle's Medium-F12 Ham (DMEM-F12, Gibco, UK) supplemented with 10% fetal bovine serum (FBS Gibco, UK) and 1% antibiotic/antimycotic (Gibco, UK). Culture medium was replaced twice a week. After 1, 7, 14 and 21 days of culture, the medium was removed. The samples were washed with a PBS solution, fixed with 10% formalin solution (Sigma, USA) and assessed for MTS test SEM analysis, DNA quantification, and confocal analysis.
The cell morphology and spreading of ATDC5 seeded EF and EFG sponges were monitored by confocal laser scanning microscopy (CLSM). For this purpose, after each culturing period, the cellssponge constructs were fixed in a 10% formalin solution (Sigma, USA) for 30 min. Then, the samples were incubated with 3% bovine serum albumin (BSA) for 30 min. The cells were permeabilized using 0.1% Triton X-100 in PBS for 5 min, incubated with phalloidin-TRITC for 20 min at room temperature. The samples were then washed with PBS and staining with 5 lg/ml Hoechst33342 was performed for 30 min. Fluorescence images from stained constructs were obtained using a confocal laser scanning microscope (Leica TCS SP8).
The metabolic activity of the ATDC5 chondrocyte-like cells seeded on the EF and EFG sponges was evaluated using the CellTiter 96 Ò AQueous One Solution Cell Proliferation Assay (MTS, Promega). Briefly, cells-sponge constructs were placed in a mixture containing serum-free culture medium and MTS reagent at a 5:1 ratio and incubated for 3 h, at the end of which the optical density was read (OD = 490 nm). ATDC5 cell proliferation onto EF and EFG sponges was determined using a fluorimetric double strand DNA (dsDNA) quantification kit (PicoGreen, Molecular Probes, Invitrogen, UK). For this purpose, samples collected at 14, 21 and 28 days were transferred into 1.5 ml microtubes containing 1 ml of ultra-pure water. ATDC5 cells-sponge constructs were incubated for one hour at 37°C in a water-bath and then stored in a À80°C freezer until testing. Prior to the dsDNA quantification, the constructs were thawed and sonicated for 15 min. The samples and standards (ranging between 0 and 2 mg ml À1 ) were prepared and mixed with a PicoGreen solution in a 200:1 ratio, and placed on an opaque 96 well plate. Triplicates were made for each sample or standard. The plate was incubated for 10 min in the dark and fluorescence was measured on a microplate ELISA reader (BioTek, USA) using an excitation of 485/20 nm and an emission of 528/20 nm. A standard curve was prepared, and sample DNA values were read off from the standard graph.
Glycosaminoglycans (GAGs) quantification assay [32] was used to detect chondrogenic ECM formation after 14, 21 and 28 days of culture. GAGs standards were obtained by preparing a chondroitin sulfate solution ranging from 0 and 30 mg ml
À1
. In each well of a 96-well plate, samples or standards were added in triplicates and then the dimethylmethylene blue reagent (DMB, Sigma-Aldrich, USA) was added and mixed. The optical density (OD) was measured immediately at 525 nm on a microplate ELISA reader. A standard curve was created, and GAGs sample values were read off from the standard graph.
Statistical analysis
All quantitative experiments are run in triplicate and results are expressed as a mean ± standard deviation for n = 3. Statistical analysis of the data was conducted using two-way ANOVA with Bonferroni's post test by using GraphPadPrism version 5.0 for Windows (GraphPad Software, San Diego, http://www.graphpad.com). Differences between the groups with p < 0.05 were considered to be statistically significant.
Results and discussion
The preparation of Eri silk sponges started with the dissolution of degummed Eri (S. ricini) silk fibers in BMIMAc (Fig. 1A) . Further on, the gelation of the Eri silk fibroin (EF)/IL solution occurred inside silicone molds using two different approaches: (i) crystallization using ethanol/isopropanol (1:1) vapor, and (ii) combination of crystallization and chemical crosslinking using genipin dissolved in ethanol in order to process non-and crosslinked matrices (EF and EFG respectively). Goujoun et al. observed that the treatment of A. assamensis/BMIMAc solution using an ethanol/isopropanol mixture as coagulating solvent resulted in a film with higher b-sheet content as compared to other solvents used in the study [22] . Hence, we hypothesize that the use the isopropanol/ ethanol could be a good choice to promote the formation of bsheets on EF sponges. Our present investigation suggests that the solubility of genipin decreased when isopropanol/ethanol was used. Genipin was consequently dissolved in ethanol. The dissolution/gelation of silk fibroin using ILs occurs through molecular structural rearrangement of the chains [19] . In our approach, the viscous Eri silk/BMIMAc solutions were put under vacuum, resulting in the formation of a gel, which was molded into silicone molds placed over super-amphiphobic surfaces. These surfaces are characterized by high water and some organic solvents repellence due to its surface roughness and low surface energy [26, 27] . These surface characteristics avoided the flow out of the Eri silk/BMIMAc solutions from the cylindrical molds during the gelation process. A silk-based biomaterial requires a more ordered crystalline structure to provide their stability. The induction of b-sheet crystallinity in B. mori-derived fibroin is achieved by treatment with aqueous alcoholic solutions [22] . However, the use of water vapor and/or organic saturated atmosphere in the crystallization of fibroin is relatively new [10, 33] . Herein, we hypothesize that the solvent composition of the atmosphere associated with exposure time may provide valuable paths to tune the properties of silk for biomedical purposes. It was observed that Eri silk/BMIMAc gelation took at least 2 days under isopropanol/ethanol atmosphere and 24 h under genipin vapor. In both cases, rigid gels were produced. During the exposure to vapor, a gradual protein gelation and physical/chemical chain crosslinking may occur simultaneously. In the chemical reaction between genipin and the B. mori-derived silk fibroin macromolecules, inter-and intramolecular covalent bonds are formed resulting in stable matrices [7] . Subsequently, the BMIMAc removal was carried out through immersion of the gels in ethanol.
Since ILs have an excellent ionic conductivity above their decomposition temperature [34] , the elimination of the solvent was monitored through conductivity measurements. The progressive decrease in conductivity during the extraction process indicated the efficiency of the IL removal (Fig. 1B) . It is expected that BMIMAc is removed from the Eri hydrogels when the conductivity of the ethanol aliquots dropped below 1.5 lS/cm. This also indicated that the fabricated hydrogels have a low level of toxicity. Previous work showed that continuous extraction cycles of IL with ethanol produced bio-matrices with very low cytotoxicity and positive biological responses [19, 20, 35, 36] .
Macroscopic (morphology, porosity, mechanical properties) and microscopic (molecular arrangement, crosslinking degree, silk fibroin crystallinity) features of the sponges were considered in this study. These aspects are discussed in the next sections.
The infrared spectra (Fig. 1C) , and 1240 cm À1 attributed to the typical dominant beta sheet along with turn and random coil conformation (Fig. 1C-I ) [37] [38] [39] [40] [41] . When comparing the degummed fiber (Fig. 1C-I ) with spectra EF and EFG in Fig. 1C(II-III) , it was observed a shift for 1620-1625 cm À1 (amide I), 1516-1521 cm À1 (amide II) and 1228-1222 cm À1 (amide III), which are associated with intermolecular beta-sheet bands [38] . The formation of crystalline structures was successfully achieved independently of the type of solvent vapor used. In particular, the use of ethanol vapor with dissolved genipin not only induced the formation of b-sheet structures, but also promoted the formation of an inter-intramolecular network into EF chains. This data is in line with previous studies suggesting that conformational transition occurs from random coil to b-sheet through structural rearrangement of chains to form covalent bonds [6, 7] . By analyzing curve fitting of the FTIR spectra (data not shown) of the amide I region between 1595 and 1705 cm À1 for both sponges, the amount of secondary structure in EF and EFG was estimated. The mentioned areas were chosen since they are related to intermolecular b-sheet bands [19] . The results showed that non-crosslinked fibroin chains (EF samples) have a 38.1% content of b-sheet structures, while the formation of such structures increased to 48.7% after genipin crosslinking (EFG samples). A ninhydrin assay was performed to evaluate the crosslinking degree of the scaffolds. EFG showed a crosslinking degree of 52.3 ± 1.7%. Although the genipin reaction on Eri silk is currently unknown, the mechanism may be similar to that observed for amino-group containing compounds [24, 42] . Some authors suggested that the genipin preferentially reacts with the amino acids lysine and arginine of certain proteins [7] . Pal et al. [14] reported that the amino acid composition of Eri silk had 4.96 mol% of arginine and 0.48 mol% of lysine. Both the amino acids (lysine and arginine) are present in the non-crystalline region of silk [43] . The crosslinking process promoted by the genipin treatment occurred on these regions, which indirectly initiates the rearrangement of the whole structure triggering ultimately b-sheet formation.
Morphology features
The SEM images ( Fig. 2A) of the cross-sections indicated that both EF and EFG have an open structure, with pore sizes between 50 and 200 lm. Also, a quantitative analysis of the 3D morphometric parameters that characterize the silk-based matrices was performed by micro-CT analysis. The 3D images of EF and EFG matrices obtained from digital geometry processing from a series of two-dimensional X-ray images are illustrated in Fig. 2B . Through these images the pore size distribution, porosity and interconnectivity were quantified ( Table 1 ). The data revealed that the sponges have an interconnected porous structure, with pore sizes ranging between 60 and 500 lm, while the mean pore sizes were 224 lm and 287 lm for EF and EFG, respectively. The pore size distribution of the sponges (Fig. 2C ) presented values ranging from 60 to 580 lm. While EFG sponges showed a wide pore size distribution, EF sponges showed a narrower distribution (Fig. 2C) . The different freezing temperatures used for both materials as well as the presence of a crosslinked network of the silk chains (EFG) could affect the porosity, pore size, arrangement and distribution [44] . These factors could explain the observed differences. The observed features of both sponges are adequate for cell migration. Earlier work showed that the optimal pore size for tissue engineering scaffolds should be in the range 150-500 lm [45] for the accommodation of the cells for a given tissue. Another parameter needed is high porosity (typically 60-90%) [46] . The developed sponges fulfill both the requirements (Table 1 ).
Mechanical and viscoelastic properties
To determine the mechanical and viscoelastic nature of the sponges, DMA experiments were performed with the samples immersed in PBS at 37°C, before and after a compression step. In such compression step, the samples were compressed once using a pressure of 360 kPa during 30 s, and their mechanical and viscoelastic properties were measured immediately after their recovery in PBS. Both storage modulus (E 0 ) and damping properties (tan d) are shown in Fig. 3A . The DMA results show a statistically significant (p < 0.05) higher E 0 for EF compared to EFG, right after processing (i.e. previously to the application of the compression pressure): at the frequency of 1 Hz, EF sponges presented a storage modulus of E 0 of 797 ± 59 kPa, while EFG sponges showed an E 0 of 233 ± 51 kPa. After being submitted to crosslinking reactionsincluding reactions with genipin -polymeric materials typically exhibit higher stiffness. Moreover, silk materials originating from B. mori have been reported to increase their b-sheet content after exposure to genipin [7] . In fact, an increase in the b-sheet content of EFG sponges (48.7%) was observed, as compared to EF sponges (38.1%). However, the decrease in stiffness of EFG sponges compared to EF sponges may be attributed to the flexibility conferred by the genipin crosslinks. The flexibility of such crosslinked structures is previously described by Mathew et al., using collagen structure crosslinked with genipin [47] . It is also worth noting that the exposure of the EFG sponges to a genipin-containing atmosphere led to interesting results regarding two different aspects: (i) the reproducibility of the sponges' mechanical properties (EF sponges showed a higher variability in E 0 values; while the mechanical properties of EFG sponges were possibly modulated due to the formation of an organized structure, richer in b-sheet content) and (ii) the ability of the sponges to recover from mechanical deformation, keeping their mechanical properties close to the original (pre-deformation) ones. After compression of 360 kPa, the EF and EFG sponges showed average recovery rates of E 0 value of 15% and 78%, respectively. The compression of the sponges with 360 kPa for 30 s aimed at assessing the ability of the materials to recover their initial height after application of compressive stress leading to high deformations. Moreover, we also aimed at tracing the changes in their mechanical properties after such procedure. This may provide especially important information in the case of handling of the sponges during surgeries. If they are capable of being deformed and occupy very low volume space, the sponges may be applied in the defect sites through minimally invasive strategies. After measuring the differences in the height of the sponges, before and during the 360 kPa compression, the calculated deformations were in the order of 51.7 ± 2.9% and 64.7 ± 4.1% for EF and EFG, respectively. While the E 0 values registered for EF sponges before and after compression were significantly different (p < 0.01), the values for EFG did not show statistical differences. Consequently, it can be said that EFG show a much more efficient maintenance in their mechanical properties after the application of the compression step, as compared to EF sponges. Such results indicates that, although the crosslinking reaction led to a decrease in the stiffness of the sponges; and despite the height recovery from compression of both types of sponges upon deformation (96 ± 6.2% and 93 ± 6.1% for EF and EFG sponges, respectively), their recovery properties (regarding the maintenance of stiffness) were highly improved after exposure to ethanol vapor with dissolved genipin. This suggests that the covalent bonds and increase in the b-sheet flexible structure avoids the destruction of the EFG sponges' inner architecture upon the application of compressive deformations up to 50-60% of the original height of the sponges. The storage modulus (E 0 ) of both types of sponges was weakly dependent on frequency over the entire range, as shown previously by woven silk membranes, prepared from the B. mori species [48] . The overall findings suggest that the developed sponges have recovery from compression character- istics. Specifically, EFG sponges show a high capability to recover their mechanical properties after the application of a compressive deformation.
The damping ability of the sponges can be evaluated by analyzing the tan d corresponding to E 00 /E 0 ratio. The tan d results indicate that the damping capability is not different for the two materials and does not depend on the frequency applied to the materials (Fig. 3B) . Also, both EF and EFG presented loss factor values higher than 0.2 over the complete range of frequencies, which confirm their clear viscoelastic behavior, i.e. an ability to absorb mechanical energy [49] .
Swelling degree and drug release
The swelling degree of the sponges immersed in PBS is shown in Fig. 3C . Both sponges presented an appreciable swelling degree. However, the results also revealed that the EFG has lower water uptake ability than EF. In EFG sponges, the introduced crosslinks create stable structures that restrict their swelling. We also observe that both sponges kept their 3D structure after 60 days, and the weight loss was 25.3 ± 4.3% and 16.5 ± 3.0% for EF and EFG, respectively. The presence of the intermolecular crosslinked network in EFG structure increases their structure stability. According to the literature, the degradability of silk biomaterials depends on morphological features, processing methodologies and b-sheet content [50] . For this reason, these results suggest that the differences in b-sheet crystalline content within the matrices may have a significant role in their stability when incubated in PBS.
The characteristics of silk-based sponges could be interesting in the construction of a drug delivery system. For that purpose, ibuprofen, a nonsteroidal anti-inflammatory drug widely used for the treatment of different types of arthritis was used to analyze the release profile of such drug from the silk-based sponges [51] . We hypothesized that depending on the crosslinking extent of the material, the introduced crosslinks into EF chains will control the kinetics of release of the drug. The impregnation of ibuprofen in the sponges was made through immersion them overnight followed by: (i) frozen at À80°C and freeze-drying and (ii) immersion in a genipin solution for 48 h. The values for impregnation yield were 26.5 ± 1.3% and 17.1 ± 0.8% for EF and EFG, respectively. The differences between EF and EFG suggest that the interactions between ibuprofen and EF were stronger than the ones with EFG. Also, EFG after impregnation with ibuprofen and genipin crosslinking showed a crosslinking degree of 39.8 ± 3.1%, determined by ninhydrin assay [29, 30] . Therefore, it is crucial to evaluate the drug release profile from the samples. The release profiles of ibuprofen from both types of sponges were evaluated in PBS for a period up to 3 weeks (Fig. 3D) . The data indicate that the release of drug from EFG and EF have different kinetics. EFG sponges show slower release than EF sponges. This is in agreement with the hypothesis that the presence of crosslinked regions in the EFG samples can control the release kinetics of the drug. We hypothesize for EF sponges that the drug molecules are captured by EF chains during the structural transition. Similar behavior is observed by Dong et al. in their study on silk fibroin-coated liposomes for ocular drug delivery [52] . 
Biological behavior
ATDC5 attachment to the EF and EFG sponges was evaluated at different time points by confocal laser scanning microscopy (CLSM) (Fig. 4A) . Images obtained by CLSM confirmed both cell attachment and spreading on the surface of the sponges (Fig. 4) . Independently of the sponges' type, the cells attached to their surfaces and also inside the pores near the surface of the sponges. In both cases, after a cross-section analysis, few cells were observed inside the sponges, revealing an inhomogeneous cell distribution. We hypothesize that this fact could be attributed to the medium interconnectivity values found in the structures, despite the pore size compatible with cellular migration found in the structure of both type of sponges (see Table 1 ). In fact, scaffolds with higher pore size (680 lm) and 100% interconnectivity showed inhomogeneous cell distribution and ECM deposition [53] . Regarding the zonal cell and ECM distribution in articular cartilage, this lack of homogeneous distribution of cells within the sponge could be a favorable aspect, given the fact that we could be recapitulating the natural environment, thus providing conditions for instructive cell and/or ECM distribution. In both EF and EFG sponges, ATDC5 cells spread well throughout the pores and show a flat morphology with an organized cytoskeleton after 14 days in culture (Fig. 4A) . While some cells maintain the normal morphology of these cells in 2D surfaces, other show round-shaped morphology resembling chondrocytes in a 3D environment (Fig. 4) . The 3D reconstructions of images acquired near the surface of the sponge show that cells adhered to the interior of the pores (Fig. 5 , in purple) and spread onto the surface of the sponge (Fig. 5) .
The MTS results show an increase in ATDC5 cells metabolic activity with the time of culture, for both EF and EFG sponges (Fig. 6A ). There is a significant increase (p < 0.001) in cell metabolic activity for EF and EFG until 14 days of culture. Results obtained from DNA biochemical analysis show a clear proliferation tendency of ATDC5 chondrocytes-like cells seeded onto EF and EFG sponges, with a tendency to increase with the culturing time (p < 0.001) (Fig. 6B) . The results obtained by dsDNA quantification suggest that the increase in metabolic activity observed with increasing time of culture can be probably attributed to cell proliferation ( Fig. 6A and B) . In the two last time points we could not observe significant differences in terms of cell proliferation, which is in accordance with the microscopy results obtained. This shows no differences in cell density in both sponge formulations. The increase in metabolic activity and cell proliferation was accompanied by an increase in GAG content for both sponge compositions. Although statistical differences were not found after prolonged culture time (14 and 21 days), the results seem to indicate a tendency to increase the amount of extracellular matrix (ECM). This is produced in both formulations (Fig. 6C) . In future approaches using mesenchymal stem cells, the analysis of common chondrocyte molecular markers may allow the confirmation of the chondrogenic lineage.
The mechanical properties of the constructs after 21 days of cell culture using ATDC5 cells were measured by DMA (Fig. 7) . Both EF and EFG constructs showed values similar to native cartilage [54] . EFG sponges exhibited significantly higher (p < 0.05) storage modulus (E 0 ) than EF before and after compression step. For a frequency of 1 Hz, the values of storage modulus were 420 kPa and 630 kPa before compression, and 180 kPa and 310 kPa after compression, for EF and EFG, respectively. The extracellular matrix (ECM) formation evidenced by GAGs determination (Fig. 6C ) may have a significant role in the observed differences in mechanical behavior between EF and EFG. Previous DMA studies performed with biomaterials, such as gellan gum for intervertebral disk [55] or kappa-carrageenan for cartilage repair [56] showed an increase in E 0 values after 3 weeks of cell culture with primary intervertebral disk cells or ATDC5 cells, respectively. The ECM produced by the chondrocyte cell line together with the weight loss of the sponges may explain these results. Although EF sponges show a higher E 0 value before the addition of cells, its weight loss in physiological-like solution was greater than the one for EFG sponges. It is important to highlight that after 21 days in culture, both sponges kept the shape recovery characteristics upon hydration with PBS (99.6 ± 1.7% for EF and 96.6 ± 1.7% for EFG). Interestingly, both the materials show the same average recovery rate regarding E 0 values: 45%. These results led to the hypothesis that after 21 days of cell culture on the sponges, the recovery rate of the mechanical properties after compression may mainly be determined by the production of ECM in the sponges since they show very distinct behavior before cell culture.
Conclusions
The present approach provides a promising avenue to produce silk fibroin non-crosslinked and genipin crosslinked silk sponges from non-mulberry semi domesticated Eri silk cocoons of S. ricini. After applying 50-60% of deformation on the biomaterials, the recovery analysis shows that before the cell culture the sponges have high size recovery ability: 96% and 93% for EF and EFG sponges, respectively. These features indicate some advantages such as biomaterial flexibility to adapt and recover their shapes according to the defect sites where it will be implanted. This may be applicable even after exposure to high deformations, which may occur during surgical procedure. The developed matrices may be used as controlled drug release system as demonstrated through the incorporation and release of ibuprofen. In vitro biological performance of the sponges with ATDC5 chondrocyte-like cells reveals a positive effect of the structures over cell adhesion, proliferation and ECM production. Interestingly, the sponges kept their recovery properties after 21 days of cell culture, while the mechanical properties seem to be dictated by the production of ECM. The findings suggest that the developed Eri cocoon silk fibroin sponges may be a good candidate for cartilage-related biomedical applications.
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